INTRODUCTION
This report describes research conducted in the area of development of enhanced particle measurement techniques and systems that provide smaller, lighter and higher performance capability instrumentation for measuring the space particle environment.
Specifically, we describe the first calibration of the Compact Environment Anomaly Sensor (CEASE) instrument particle telescope with high energy (> 20 MeV) protons. Two units were calibrated: S/N 004 is the flight unit for an upcoming mission; S/N 006 is an engineering unit identical to the CEASE unit flown on the Tri-Service Experiment Mission 5 (TSX-5). The primary difference between the two units was that the 5 mm thick telescope top was made from copper for S/N 006 and tungsten for S/N 004. Both instruments were calibrated with the proton cyclotron at the Francis H. Burr Proton Therapy Center at the Massachusetts General Hospital (MGH). We report the results of those calibrations.
BACKGROUND

Overview
Within the "Space Particle Modeling, Measurements and Effects" program, ATC performs research in three related fields: 1) Modeling of space particles for improved monitoring, forecasting and space systems design, 2) Developing of enhanced particle measurement techniques and systems to provide smaller, lighter and higher performance capability instrumentation, and 3) Relation of space particle populations and dynamics to space system anomalies and space assets degradation and/or outages The three research areas are interrelated as they all pertain to elements needed to provide a clear understanding of near-Earth particle dynamics and their impact on USAF assets/operations.
The work described herein falls within Area 2. We have applied enhanced-performance particle measurement and sensor calibration technologies developed by ATC for other space particle instrumentation to USAF specific requirements for smaller, lighter, higher performance instrumentation. We have tested prototype space subsystems/circuits/sensor elements to demonstrate the applicability of the enhanced techniques and technologies. And we have provided integration support for space instrumentation as needed to ensure proper operation of instruments and quality of the data gathered.
The project team comprises ATC personnel and expert consultants. The team combines the heritage, innovative approaches, centralized control and program flexibility of ATC with the expert knowledge of consultants selected for their leading edge research in the areas of space instrumentation and spacecraft anomaly investigations. Areas of expertise of the key team members are highlighted in Table 1 . 
CEASE Instrument Description
CEASE has four sensors for measuring the space particle environment: a particle telescope, two dosimeters, and a Single Event Effects (SEE) detector. Telescope provides the energy distributions and fluxes of protons and electrons in the local environment. The calibrations described here were performed on the CEASE particle telescope. The dosimeters determine the total ionizing dose behind shield of two difference thicknesses: 0.080 inches and 0.25 inches of aluminum. These two thicknesses correspond to the amount of effective aluminum protection for lightly and highly shielded electronic components. The SEE detector is a photodiode configuration identical to the dosimeters but with a firing threshold set very high so only proton induced nuclear interactions and the passage of cosmic rays can trigger it. These events are counted so as to provide the local flux of SEE causing particles.
The energetic particle telescope consists of two coaxially mounted circular solid-state silicon sensors, a nominal 50 mm 2 area 150 m thick front detector (DFT) and a nominal 85 mm 2 area 500 m thick back detector (DBT). The detectors are located inside a copper enclosure which absorbs protons with E < 60 MeV and electrons with E < 8 MeV (see Figure 1) . A front collimator, 0.039 cm thick tungsten disc, has a small aperture and a field-of-view opening half angle of 31. The aperture diameter is 0.062 cm. A 9 m thick Al foil covers the aperture to make it light tight to protect DFT from damaging sunlight and to determine the low energy cutoffs for the telescope: 50 keV for electrons and 700 keV for protons.
Figure 1 Cross Section Sketch of the Particle Telescope
The technique of particle type identification and energy measurement is accomplished by using the pattern of energy deposition in the telescope detectors. The output of each detector is connected to an eight-level threshold circuit that performs the pulse height analysis. In addition, DFT and DBT are also connected to a coincidence circuit with a 0.5 μsec resolving time. For a full description of the instrument and its data processing algorithms see Dichter et al. [1] and Brautigam [2] .
TECHNICAL APPROACH
The telescope is calibrated by exposing the telescope front end to a beam of high energy protons and measuring its response while, simultaneously, measuring the beam flux. The diagram of the experimental configuration is shown in Figure 2 . CEASE was mounted to a rotary fixture so that it could be rotated to any angle with respect to the beam. MON1 (M1) and MON2 (M2) are silicon solid state detectors used to determine the beam intensity changes during the measurement. MON1 had an 85 mm 2 area and was mounted at the same height as the CEASE telescope aperture but 1.52 cm to the side. MON2 had a 50 mm 2 area and was mounted on same fixture and the same height as the CEASE telescope so that so that it could be moved to the exact location of the telescope front face, with the MON2 center in the same location as the center of the telescope collimator (aperture substitution). Typical experimental sequence consisted on measuring the absolute beam flux with MON2 in the aperture substitution location while recording MON1 counts. This procedure transfers the absolute beam flux calibration at the CEASE location to the MON1 telescope at its location to the side of the CEASE aperture. Once the beam intensity was determined, CEASE was put into the beam spot and its response, as a function of angle with respect to the beam axis, θ, and beam energy, E, was measured and normalized to the beam flux using MON1. 
MGH Calibration
Figure 2 Experimental Configuration for the CEASE Calibrations
In terms of the algebra of the monitor count rates, the sequence can be expressed as follows. The absolute beam flux at the CEASE aperture location, F, is given by
where C 2 (C 1 ) are the M2 (M1) counts collected during a time interval ΔT and A 2 (A 1 ) is the detector area. During the M2 to M1 flux transfer time period, the ratio of the two count rates, R, is determined
Defining the off center flux, as measured by the M1 detector, analogously to the flux at the CEASE location, we can write
The ratio of flux at the CEASE aperture location to the flux at the Mon1 location (F/F 1 ) for the S/N 004 runs in February and June 2009 is shown in Figure 3 .
Figure 3 Ratio of Fluxes Measured by CEASE and the MON1 Detector
Except for the lowest beam energies, the beam spot is sufficiently large to be uniform over an area with a radius larger than the separation between Mon1 and Mon2. CEASE configuration for S/N 004 is described in Ref. 2 , although the area of the front (DFT) and rear detectors (DBT) are treated differently in high energy proton calibrations. The nominal detector areas are 25 and 50 mm 2 but the known response to the particle adds approximately 1.2 mm to the detector radius. Since high energy protons can penetrate the telescope top cover, the effective DFT and DBT areas are close to 50 and 85 mm 2 .
CEASE CALIBRATION RESULTS AND DISCUSSION
CEASE S/N 004 Calibration
The effective area for any CEASE channel T0n, as a function of proton angle of incidence, θ, and energy, E, is computed using the expression
where C 0n are the counts in the T0n channel. Substituting for F, as in eq. 
The channel geometric factor, GF 0n , is defined by
Effective 0 o areas (normal beam incidence) for the Tn channels are computed using eq. (6). The effective areas for normal beam incidence as a function of beam energy are listed in Table 2 and are plotted in Figure 4 . The "All P" channel contains the sum of all CEASE particles not identified as electrons. The total effective area peaks at 0.379 cm 2 at 140 MeV. For energies above 140 MeV, proton counts begin to move out of the proton identification region into the electron region and effective area of the "All P" and sum of the Tn channels decreases with increasing proton energy. 
Figure 4 Measured Effective 0 o Areas for S/N 004 Proton Channels
The geometric factors for S/N 004 Tn channels are listed in Table 3 and are plotted in Figure 5 . Angular CEASE S/N 004 channel responses are tabulated in Tables 4 through 12 . 
Figure 5 Measured Geometric Factors for S/N 004 Proton Channels
Comparison of results of GEANT calculations of the effective 0 o area to the measured values is shown in Figure 6 . GEANT values have been scaled by 0.72. A scaling factor is needed because GEANT calculations assume an exact 0.5 cm 2 area detector (nominal radius of 2.8 mm plus an additional 1.2 mm) while the actual additional radius piece likely differs from 1.2 mm, by different amounts, for both the front telescope detector and the beam monitor detector. 
Calibration for CEASE S/N 006
Since the top material (Cu) for S/N 006 is less dense than the material (W) for S/N 004, the response of this unit shifts to lower energies relative to S/N 004. Effective 0 o areas for the Tn channels were computed using eq. (6) (see Table 13 ) and are plotted in Figure 7 . The "All P" channel contains the sum of all CEASE particles not identified as electrons. The total effective area peaks at 0.421 cm 2 at 120 and 140 MeV. For energies above 140 MeV, proton counts begin to move out of the proton identification region into the electron region and effective area of the "All Protons" and sum of the Tn channels decreases with increasing proton energy. The geometric factors for S/N 006 T0n channels are listed in Table 14 and are plotted in Figure  8 . The angular responses as a function of energy for the T0n channels of S/N006 are listed in Tables 15 through 22 . 
